Abstract. Ethylenediamine (en.), putrescine (pu), diethylenetriamine (dien), dipropylenetriamine (dpta), spermidine (spmd) and their Cu 1 compounds as well as the Schiff bases with 2-furaldehyde (dienOO), 2-thiophenecarboxaldehyde (dienSS) and pyrrole-2-carboxaldehyde (dienNN) of dien and that of dpta with 2-thiophenecarboxaldehyde (dptaSS), were prepared and characterised. They were tested against Bacillus substilis, Bacillus cereus, Staphylococcus aureus, Escherichia coli, Proteus vulgar& and Xanthomonas campestris as antibacterial reagents, the highest activity being exhibited by Cu(dptaSS)(NO3)2 complex, which acts as antibiotic. In the antiproliferative tests (vs. T47 D, L929 and BHK21/cl3 cell lines) the best results were obtained with Cu(dptaSS) 2+ and Cu(dienSS)2+. Electronic structure calculations gave for dptaSS and dienSS the higher negative charges on the N atoms. The counter-ions (Br, NO3 and SO4 z') play an important role by modulating the reagent's selectivity versus the bacteria [Gram(+) or Gram(-)], but they have no effect on the antiproliferative activity.
Introduction
Di-and triamines and, in general, polyamines are biologically occurring substances resulting from the metabolism of ornithine, bleomycin, etc. [1] . They are excellent complexating reagents, capable of coordinating to a number of transition metal ions, including Cu II [2, 3] . Cyclic amines such as imidazole, histamine, etc. and their co-ordination compounds have been extensively studied [2] but the acyclic amines, despite their occurrence as terminal amines in the metabolism of natural products such as bleomycin [4] , have received less attention. So far the growth inhibitory activity of the metal-ion complexes has been correlated to the atomic mass [5] , electronegativity [6] , atomic radii [7] , the number of unpaired electrons of the metal ion [8] , and, in general, to the electronic structure parameters of the transition metal compounds [9] . Some of these correlations, however have been questioned [2b,9] and are no longer generally accepted (vide inffa).
Important physicochemical parameters [10] of biofunctional ligands are their lipid solubility, charge distribution, polarisability and steric parameters. Transition metal compounds with such ligands are very potent chemotherapic reagents, the ptlI-compounds taking first place 11]; the CuII compounds take a lower ranking position, but they are also important because of their "plasticity" [12] , i.e. they are capable of assuming different shapes with different co-ordination numbers and thus adapt to the substrate 13]. At least two factors are known [6, 10] to be important for the growth inhibitory activity of co-ordination compounds: (a) the ease to adopt certain geometry and thus avoid possible steric hindrance during their physiological action; (b) the partition coefficient between lipid and water media; it depends strongly on the charges of the atoms in the active molecule. Ligands, co-ordinated to a metal ion, can modify both factors and thus enhance or lower their growth inhibitory properties. Thus, for example, a ligand can reduce the charge on the metal ion through electron donation and in this way it can ease the permeability of the metal ion into the cell. Electrostatic interaction of a positively charged complex with adjacent negative groups of the biomolecules can confer rigidity to the fluxional ionic adducts which result from such an interaction and modify their biological function.
In this paper we report the synthesis, characterisation and bacterial growth inhibitory properties of some acyclic di-and triamines and their Schiff base derivatives as well as their Cu II compl.exes. An attempt has been made also to trace [14] [15] [16] . For the pu complex several species were found, CuHL, CuLz(OH)+, and at pH 9 precipitation is known to occur [16] .
In the above selection we have two diamines (en and pu) with chains of different length, and three triamines (dien, dpta and spmd), two of which are symmetric (dien and dpta) with chains of different length, and one of them is asymmetric (spmd). This choice offers a chance to study the effect of number of bonding N atoms, length of aliphatic chain, symmetry of the two branches of chains and the modifying effect of the N-substituents.
The compounds were characterised by their IR and electronic spectra, magnetic moments and elemental analyses.
The geometric structures were determined by Molecular Mechanics (MMP2) [17] [18] [19] [20] [21] , which can take into account the -electronic conjugation in some of the ligands. The MM2 input parameters were used and those of Cu should be specifically mentioned: the bond stretching force constants Cu-N were set to be 0.89 mdyn A1. Bending force constants NCuN were set to 0.25 mdyn rad ! for the angles N-Cu-N=90.0 deg, and 0.35 mdyn tad -1 for the remaining angles. The torsional parameters CCNCu were set to zero, since they had little effect on the energy values. These constants compare well with those obtained from normal co-ordinate analysis for similar Cu-compounds [22] . The molecular structures obtained were compared with available crystal structures [23] [24] [25] [26] [27] . The electronic structures of the free ligands were examined by the Austin Model (AM1), which is a version of the MNDO method [28] . The parameters used were those included in the MOPAC 6.0 database. The electronic structures of the Cu II compounds were examined by the Extended Huckel method [29] , since no parameters for copper are available for the AM method. The parameters used in the EH calculations were those of Murphy and Fitzpatrick [30] . Although the EH results should be viewed with caution as to their absolute values, they are fully credible used in comparing a series of similarly constituted compounds [29b].
Experimental Part Preparation of ligands and chelates
The ligands en, pu, dpta and spmd were commercially available. The dien and dpta Schiff base ligands were prepared by the condensation reaction of the corresponding carboxaldehydes with dien taken in molar ratio 2:1. The compounds Cu(dien)(NO3)2 and Cu(dienSS)(NO3) 2 were prepared and characterized as described elsewhere [25, 31] . The compounds Cu(dienOO)(NO3)2, Cu(dienNN)(NO3)2, Cu(dienSS)Br2, Cu(dienSS)SO4, Cu(dptaSS)(NO3)2 were prepared according to the scheme 1.
2-Thiophenecarboxaldehyde or pyrrole-2-carboxaldehyde or 2-furaldehyde (20 retool) were mixed with 10 mmol diethylenetriamine or dipropylenetriamine. The resulting product was dissolved in methanol (50 ml) and Cu(NO3)2.3H20, CuSO4.5H20 or CuBr2 in methanol (20 ml) were added. The mixture was stirred for an hour and after 12 h of staying the precipitates were isolated by filtration, washed successively with methanol and ether, and dried in vacuum. The compounds were re-crystallised from methanol. They represent uniform blue crystals or blue crystalline powders with different colours. Analytical results together with the measured magnetic moments and electronic spectra are given in Table I .
The compounds Cu(en)z(NO3)2, Cu(pu)z(NO3)2, Cu(spmd)(NO3)2 were prepared by evaporation of a Ctl(NO3)z.3H20 solution in water (50 ml) of the appropriate amine amount as described elsewhere [30] . [32] (vide infra, the discussion of the IR spectra).
Electronic spectra, Electronic spectra (Table I) were recorded on a Shimadzu UV 160A spectrophotometer in the 200-800 nm region using aqueous solutions of the compound. The electronic spectra of the Cu II complexes in aqueous solutions exhibit absorption bands at 610-639 nm and 247-276 nm with another band at 295-298 nm for IV, VI and VII. The 615-639 nm band is of low intensity and is assigned to a d-d transition in 4-co-ordinate CuII, while the 247-276 nm band should be assigned either to a r --r* interligand transition in the Schiffbase ligands or to L ---) M charge transfer transition (vide infra, the electronic structure calculations). The 295-298 nm band is not related to the nature of the ligand or counter ion and should be assigned to rt r* interligand transition. (Table I) .Infrared spectra. -IR spectra were recorded with a Perkin-Elmer 1640 FT-IR spectrophotometer in the 200-4000 cm 1 region using KBr pellets (Table II) . They show some bands that are typical of diethylenetriamine or dipropylenetriamine, respectively [22] . The 1665 cm "1 band in the free dien ligand spectrum was assigned to stretching the C=N bond in the -CH=N-groups. This band is shifted to lower frequencies (about 55-60 cm"l) upon co-ordination, proving that the -CH=N group nitrogen atoms are coordinated to Cu II In the Cu II nitrate compounds the 1740 and 1760 cm "1 bands prove the presence of uncoordinated nitrate groups while the 1380 and 1350 cm "1 bands indicate a second unidentate nitrate group. These results are in agreement with molar conductivity measurements which show that the complexes behave as 1:1 electrolytes in solution dissociating according to the scheme" 7) . The compounds were dissolved in distilled water with a 2-fold successive serial dilution from 800 to 25 g ml"1. All cultures were incubated at 28 C. Control tests with no active ingredients were also carried out. 
Base Derivatives and their Copper(II) Complexes
There are significant differences in activity between the copper complex and the corresponding ligand and that differences are highly selective with respect to the studied bacteria. We take a few salient examples:
With respect to X. campestris: dien (400 lag ml"l) vs. Cu(dien) (NO3)2 (200 g ml"1); dienSS (800 gg ml"1) vs. Cu(dienSS) (NO3)2 (200 lag ml'l).
With respect to B. cereus" dptaSS (800 lag ml"1) vs. Cu(dptaSS) (NO3)2 (100 lag ml'l).
In fact the last example shows that the ligand dptaSS is weakly active, while its complex acts as an antibiotic. Group A contains the three Cu(dienSS)-compounds with different counter-ions, while the best performer 2+ in this group s the outsider Cu(dptaSS) -complex. It is thus evident that the counter-ion plays a very modest role and the active species in the first group are Cu(dptaSS) 2+ and Cu(dienSS)2+, both containing the 2-thiophenecarboxaldehyde substituent, Cu(dptaSS) 2+ doing slightly better than Cu(dienSS)2+.
The reason for the large differences in activity of the Cu II Schiff-base compounds with different substituents will be examined further by calculations on the molecular and electronic structures which may shed light on the problem.
Molecular and Electronic Structures of the Ligands and the Cu II Compounds
Both the ligands (en, pu, spmd) and their Cu II complexes have been extensively studied (see, for example, the collection in ref. [35] ). In our tests the best results were obtained with dpta and dien and Schiff-base dien and dpta and for this reason we shall focus our discussion on the molecular and electronic structures of these ligands and their Cu II complexes. The Cu II dien [23] and dpta [24] complexes were studied before, but their Schiff-base substituted complexes were not. Table V that dpta is the most stable ligand and, among the dien derivatives, dien itself is the most stable one. DienSS ranks last in stability.
Here and everywhere else N A refers to N from the -CH=N-C (N is sp 2 hybridised) or -NH2 (N is sp 3 hybridised) groups; N refers to N from the central C-NH-C group (N is sp 3 hybridised) . With the exception of dienSS, MM and AM1 gave practically the same values 3.02-3.98 A for the NA-N distance in dien and substututed diens with no dependence on the substituents. In dpta and dptaSS, the NAN distance depends on the substituent: 3.1 and 3.4 .A, respectively. The NA-N A distances show a very complicated picture: 5.1 A. for dien, 4.6-4.9 A for substituted diens; 4.3 A for dpta and finally 4.4 A for dptaSS. These values probably reflect both the difference in chain length and the repulsion between the bulky N-substituents. By comparing the charges on the nitrogen atoms it is readily seen (Table VI, the second numbers in the rows refer to the ligands) that the charges on N are almost the same (-0.33 by AM1), while the charge on N A shows a great variation when passing from dien to dienSS, dienOO and dienNN (-0.33,-0.18,-0.17,-0.20); the charge on N A in dien and dpta are practically the same (-0.33 and-0.31, respectively); same trend is observed with dienSS and dptaSS (-0.18, -0.17). The explanation is that N is always sp 3 hybridised and does not participate in r-conjugation with the NA-substituents, while N A is also sp 3 in un-condensed di-and triamines but sp 2 in the Schiff bases, in which electron density is taken away from N A and localised at the 5-membered rings, dienOO and dienSS doing slightly better than dienNN. There is no such delocalisation for un-condensed dien and dpta and they show the highest charges on both types of nitrogen atoms.
The HOMO values for the four dien ligands are (-9.65,-9.05,-9.07, -8.71, eV for dien, dienSS, dienOO, and dienNN, respectively) suggesting that dienNN is the best electron donor (highest HOMO), while dien is the worst electron donor in this series. The LUMO values (2.88, 0.30, -0.06, -0.28 eV) rank definitely dienNN as the best electron acceptor (lowest LUMO), dien taking up the last (worst) electron accepting position.
The difference LUMO-HOMO for the studied ligands roughly correlates with the first UV bands (compare Tables and VI) and for this reason these bands may be assigned tentatively to interligand electron transitions, as suggested when discussing the electronic spectra (vide supra). Cu(dpta) and Cu(dptaSS) respectively. The lowest charge on the Cu atom is in the Cu(dienSS) 2+ unit and it is almost 2-3 times lower in comparison with the Cu charge in the other units (see Table VI ). The high negative charge on N A indicates that the Cu-N bonds in Cu(dienSS) are the most ionic ones, which favours higher water-lipid partition coefficients and defines a better growth inhibitory activity [6, 10] . It should be noted that there are less electrons on the aldimine nitrogen (qN=0.01) than on the nitrogens which take part in the conjugation with the N-substituents [qN=-0.63 in Cu(dptaSS)2+] and this is exactly the opposite as compared with the free ligands the trend is reversed. The results from the antibacterial tests suggest that Cu(dptaSS)(NO3): is the best antibacterial agent against B. cereus. Cu(dien)(NO3): and Cu(dienSS)(NO3)2 act best against X..campestris. The antibacterial activity depends on the counter-ion and for this reason it might be suggested that the active species is CuLX, where X is the respective counter-ion included in the first co-ordination sphere.
In the antiproliferative studies, the Cu(dptaSS) 2+ and Cu(dienSS) 2+ species have the highest activity, thus emphasising that the presence of 2-thiophenecarboxaldehyde is essential. In the case of Cu(dienSS) 2+ the counter-ion plays no effect and it may be thus suggested that the species penetrating the cells are CuL, stripped of that ion. The species Cu(dptaSS) 2/ has the highest positive charge on copper and the highest negative charge on N, which favours its partitioning between the water and lipid phases during the tests. The lowest LUMO makes the species an excellent electron acceptor in further reactions with redox partners. In contrast, the charge on Cu in Cu(dienSS) is the lowest and charges on N are also low. The thermodynamic stability seems to be a minor factor. It may thus be concluded that different factors influence the activities of Cu(dptaSS) :+-and Cu(dienSS)2/-species. The common feature of the two species is a high HOMO (-11.06
and-11.56 eV, respectively).
Conclusions
The Cu II compounds with triamines tested in the present study are almost uniform as to their molecular structures, the predominant group being a Cu atom surrounded by 3N and one X atom in an almost planar arrangement; however, they show subtle variations as to their electronic structures. They have revealed themselves as selective reagents with respect to some Gram-positive and Gram-negative bacteria, the selectivity being modulated by the counter ions such as NO3, SO42, etc., which can co-ordinate to CuII.
The ionicity of the Cu-N bonds in the tested compounds seems to correlate with their growth inhibitory action the high positive charge on the Cu ion, and the high negative charge on the N atoms improve the antibacterial activity, probably due to better water-lipid partitioning ratios [6, 10] . While the species active as bacteriostatic reagents include the counter-ions which complete the co-ordination sphere of CuII up to 4, the species active as cytostatic reagents seem to be stripped of these counter-ions and may be co-ordinatively unsaturated. The site presented at the CuN3 unit and its electronic and molecular parameters may thus be expected to be the determining factor for the interaction with the cyto-substrates.
